live-imaging technology has markedly advanced in the field of neural injury and axon degeneration; however, studies are still predominantly performed in in vitro settings such as cultured neuronal cells or in model organisms such as Caenorhabditis elegans in which axons lack glial wrappings. We recently developed a new in vivo model for adult-stage neural injury in Drosophila melanogaster, using the highly accessible wing of the animal. Because the Drosophila wing is translucent and dispensable for survival, it allows clear and direct visualization of injury-induced progressive responses of axons and glia highlighted by fluorescent protein (Fp) markers in live animals over time. Moreover, unlike previous Drosophila models of neural injury, this procedure does not require dissection of the cns. thus, the key preparation steps for in vivo imaging of the neural injury response described in this protocol can be completed within 30 min.
IntroDuctIon
The consequences of neural injury, such as spinal cord injury and traumatic brain injury, in humans are devastating and often lead to long-term disability and paralysis 1, 2 . Understanding the mechanisms of injury-induced axon degeneration-namely, the Wallerian degeneration-as well as glial, inflammatory and immune responses is central to the development of effective therapeutics. Because of the importance and significant challenges posed by the complexity of the mammalian CNS, the molecular and cellular mechanisms of axon degeneration and regeneration have been the subject of intensive investigation for over a century. Such studies have long been conducted in vertebrate model organisms such as rodents 3 and fish 4 , whereas recent insights have come from invertebrate animal models of neural injury such as C. elegans 5 and D. melanogaster 6 .
The discovery of FPs, the advancement of live-cell imaging technology and the development of superresolution microscopy have markedly advanced the field of cell biology especially for the study of cellular dynamics 7 . In addition, they have enabled neurobiologists to study axon injury and neurodegeneration by in vitro cell culture assays and ex vivo brain slices 8, 9 . In order to fully understand the underlying mechanisms of axon degeneration and the poor capability of axon regeneration, however, in vivo imaging and study of neural injury-induced responses in animals are needed. Although it is difficult in rodent models, in vivo imaging of the nervous system for injury-related research has been developed in C. elegans [10] [11] [12] , and more recently in the adult Drosophila by our laboratory 13 . Because of superior optical advantages, the wing allows direct visualization of the FP-highlighted wing nerve in live animals ( Fig. 1) , which makes this system suitable for large-scale screening and adaptable to superresolution microscopy. Here we describe the detailed protocol for performing precise and reproducible axotomy of the adult Drosophila wing nerve and in vivo imaging of the injury responses without the need for time-consuming CNS surgery or dissection.
Development of the protocol
The fly Drosophila is a genetically tractable model organism and has been proven to be highly successful for addressing a wide variety of complex biological questions that share evolutionarily conserved mechanisms with humans [14] [15] [16] [17] . Because of the simplicity and the vast molecular genetic tools available, fly geneticists have tried modeling neural injury in Drosophila to study axon degeneration and regeneration (for a recent review, see ref. 6 ). Existing models include stabbing a needle through the fly head for massive traumatic brain injury 18 , removing the olfactory organ to induce degeneration of the residual olfactory nerve in the brain 19, 20 , cutting axons in brain explants with a microdissector 21 and crushing or laser-ablating axons in fly larvae 22, 23 . However, none of these models allow direct visualization of the nervous system in adult flies, in which monitoring neural injury responses and evaluating potential therapeutic targets still requires complicated, delicate and time-consuming dissection. As a result, such procedures are challenging for large-scale molecular screening, which is one of the most desirable approaches for identifying novel genes, pathways and unknown or unappreciated mechanisms that affect axon degeneration and regeneration.
In order to use the full power of Drosophila genetics in the study of neural injury and axon degeneration, we sought to develop a new approach whereby axons could be directly visualized when highlighted with FPs. Such a paradigm would allow precise axotomy and in vivo imaging of neural injury responses with a few simple steps, making it suitable for unbiased, large-scale screening. In examining various neuronal tracts of the adult animal, we found that the wing is particularly well suited for this purpose, and thus we developed a new in vivo model for adult-stage nerve injury on the basis of the Drosophila wing 12 . The fly wing has ~200-300 peripheral chemosensory and mechanosensory neurons situated along the anterior margin (the L1 vein and the costal vein) and the L3 vein ( Fig. 1) , which send their axonal projections to the central neuropil of the thoracic ganglion 24 . The neurons and axons are wrapped in glial cells and the nerve bundle is immersed in the circulating hemolymph (the fly 'blood and lymph') in the veins, resembling the structure of the spinal cord and the cerebrospinal fluid in mammals. The Drosophila wing thus provides a preparation with both primary neurons and accessory cells that are affected by injury. Furthermore, the fly wing nerve is of substantial length (~2 mm), which is about the length of the body of the fly and similar to the relative length of the sciatic nerve in the human body. This length not only allows one to resolve rapid axonal changes in acute injury but also provides a unique opportunity to study chronic disease conditions in which long axons are especially prone to damage and compromise.
Applications and limitations
By using this Drosophila preparation, the vast repertoire of molecular genetic tools can be applied to the problem of acute neural injury and axon degeneration. Neural changes associated with age or in chronic degenerative diseases can also be visualized with the wing paradigm. This readily accessible and rapid system can be used for in vivo imaging of live axonal transport, cytoskeletal dynamics and ion channel trafficking. In addition, as the wing nerve bundle comprises not only neurons and axons but also accessory cells such as wrapping glia and innate immune cells, and it is surrounded by hemolymph, the wing paradigm provides a platform for defining extrinsic and environmental effects, such as the role of glial and immune cells in neural injury and normal maintenance of the nervous system. Furthermore, this paradigm is amenable to smallmolecule screens for agents with either short-or long-term effects on the time course of axon degeneration.
A potential limitation of the model is the extreme impermeability of the cuticle of the wing, which makes classical immunohistochemical approaches such as antibody staining difficult. However, as the strength of the wing paradigm lies in in vivo imaging, we believe that the ever-growing variety of fluorescence labeling tools and advances in fluorescence and light microscopy will continue to improve and expand the applications of the Drosophila wing model. Figure 2 summarizes in detail the steps required for in vivo imaging of neural injury responses: labeling of the neuronal and glial components of the wing nerve, precise axotomy, maintenance of the injured animals, preparation of the wings for in vivo imaging and the specific microscopic settings for directly visualizing neural injury responses.
Experimental design
Dual fluorescent labeling of the wing nerve. In order to label the neuronal and the glial components of the wing nerve separately in vivo, we use two expression systems: the GAL4/UAS 25 and LexA/LexAop 26,27 expression systems. In general, we use a neuronal promoter-GAL4 line (e.g., appl-GAL4) to drive a FP marker that is under the control of UAS (e.g., UAS-mCD8-ChRFP), at the same time using a glial promoter-LexA::GAD line (e.g., repo-LexAop:: GAD) to drive the expression of another FP marker that is under the control of LexAop (e.g., LexAop-rCD2-GFP). In this case, the neurons and axons are labeled in red (appl-GAL4>UAS-mCD8-ChRFP), whereas the glial cells are labeled in green (repo-LexAop::GAD>LexAop-rCD2-GFP) in the same fly (Fig. 1) . The color and the subcellular localization of the FP markers can be selected according to the need of each experiment and the preference of the individual researcher. The transgenic fly lines that are frequently used in our studies to label the neuronal and glial components include: GAL4 driver lines: appl-GAL4: expresses GAL4 in neurons repo-GAL4: expresses GAL4 in glia dpr-GAL4: expresses GAL4 in the chemosensory neurons of the wing margin bristles; also expresses in the leg UAS FP lines: UAS-mCD8-GFP: expresses membrane-bound GFP UAS-mCD8-ChRFP: expresses membrane-bound mCherry RFP UAS-RedStinger: expresses a variant DsRed protein with a nuclear localization signal 28, 29 , expanding the diversity of cell types that can be labeled and expression approaches available for use in pathway manipulation and screens. The emission spectra of GFP and mCherry are presented together with the autofluorescence of the wing. Note that the y axis indicates the relative emission power of a fluorochrome at the indicated wavelengths; this is relative to the maximum emission of the fluorochrome within the excitation spectrum tested, not an absolute value. Thus, although the wing has a wide spectrum of autofluorescence (an example excited by a 488-nm laser is shown here), its intensity is usually lower than the intended GFP or mCherry markers. With the recommended filter settings listed in b, one can obtain an image of the highlighted wing nerve without excessive background autofluorescence using either a fluorescent-light microscope (e.g., Leica DM6000 B) or a confocal microscope (e.g., Leica TSC SP5). Figure 3 . Triton X-100, 20% (vol/vol) Triton X-100 is diluted in dH 2 O.  crItIcal Shake well and prepare the reagent in advance. The viscosity of the detergent requires time to fully mix. It can be stored at room temperature for up to 1 month. Wing wash buffer (WWB) Prepare 4% (wt/vol) formaldehyde in 1× PBS with 0.2% (vol/vol) Triton X-100 from the above stock solutions with dH 2 O.  crItIcal Freshly prepare the reagent for each experiment. Aliquots of the reagent frozen at − 20 °C can be used for up to 1 month but with reduced fixation efficacy. Agarose gel, 3% (wt/vol) Add 3 g of agarose and 100 ml of dH 2 O to a large bottle or flask, mix well and microwave three times for 1 min. Swirl the flask in between each heating ensuring that the agarose is completely melted and dissolved, but avoid trapping air bubbles. ! cautIon Use a low power on the microwave and a short duration each time to avoid overheating. Leave the cap loose if you are using a bottle.  crItIcal Let the mixture cool and settle in a water bath set to 55 °C. This will also allow the air bubbles to release. The unused agarose solution can be stored at 4 °C for a few months.
MaterIals

REAGENTS
• Agarose block chamber The agarose block chambers are made from Nunc Lab-Tek chamber slides (one well). The chamber wall is cut by a machine shop to reduce the height of the wall to ~5 mm, such that the slide can move easily beneath the objectives of a microscope.
proceDure precise axotomy by a simple wing cut • tIMInG 10-15 min 1| Pick the adult flies of the desired genotype and age (we usually cut the wings of flies at the age of 3-5 d).
2|
Anesthetize the flies on a CO 2 pad and examine the flies under the dissecting light microscope (Fig. 4a) .
3|
Exclude any fly whose wing shows visible damage (nicks or tears).
4| Use a fine-hair paintbrush to position the flies ventral side down.
5|
Use the handheld spring scissors to cut off the wing at the junction site of the L1 vein and the costal vein (Fig. 4b) .  crItIcal step Turn the CO 2 pressure such that it is just high enough to keep the flies anesthetized. Excessive CO 2 will cause the flies to fold their wings medially and make the cutting process difficult.  crItIcal step Avoid poking the fly with the tips of the scissors. It can easily injure the animal.
6|
Ensure that the costal vein, which will be used as an internal control, is not injured after the cut is made; otherwise, exclude the fly. showing the fly wing before and after cutting, with the scissors cutting over the junction site of the costal vein and the L1 vein. This is where the last cluster of the L1 neurons is situated (Fig. 7) . Thus, a cut at this site transects all of the axons of the L1 margin nerve, but leaves the costal vein nerve intact; the costal nerves can be used as an internal control in experiments. (Fig. 4b is reprinted with permission from ref. 13 ). Scale bar, 1 mm.
a b
Before cut After cut examination before in vivo imaging • tIMInG 5 min 12| Once the flies are aged to the appropriated time points, retrieve them from the incubator and examine the flies under the dissecting microscope.  crItIcal step Exclude flies whose wings show visible damage other than just the wing cut. In addition, pigment deposition along the wing veins is an indication that the wing may have been damaged, for example, bent or crushed, even though a tear or a hole is not seen on the wing. Exclude those flies as well.
? trouBlesHootInG preparation for in vivo imaging 13| Prepare the wings for imaging using one of the two methods described below: option A for live imaging of the wing nerve and option B for quick imaging of the detached wings and scoring degeneration severity.  crItIcal step Do not overfill the chamber or it will form a convex surface once the gel is hardened. The convex surface is difficult to work with when using the ×40 water lens to image. (vi) Use a pair of blunt-ended forceps to pick up the fly by holding the legs. Be gentle and do not nip the legs. (vii) Transfer the fly from the CO 2 pad to the agarose block (Fig. 5a) . (viii) Gently place the wings flat on the agarose. Lightly press the belly and the head of the fly against the agarose, helping the fly stick to the gel. Ensure that the wings are angled out from the fly body, thereby allowing the microscope objective to access the wing nerve bundle along the wing margin and the wing root area (Fig. 5b) . (ix) Line up about five flies per block, and then place the block into the humid chamber and move it to 4 °C (Fig. 5c) . This allows the agarose to cool and harden and it helps keep the flies immobile after they are removed from the CO 2 pad.  crItIcal step Pour the agarose blocks one by one right before mounting the flies. Once the agarose is poured, mount the flies quickly before the agarose cools. Do not attempt to pour multiple agarose blocks at a time or mount too many flies onto one block. If the agarose cools before flies are mounted, the flies will not stick firmly to the gel. ? trouBlesHootInG  pause poInt While mounting more flies to prepare a batch of blocks, the already-mounted blocks can be left in a humid chamber at 4 °C for up to 3 h before imaging. (ii) Make a wet pad by dampening a few Kimwipes (for wiping the tips of the forceps during dissection; Fig. 6a ).
(iii) Make stripes of Vectashield mounting medium (lines of 2 mm × 12 mm, at intervals of 2-3 mm) on the slide (Fig. 6a) . Each stripe is good for mounting a vial of flies (up to ten flies) and each slide can hold five to eight mounting stripes. Thus, each slide can be mounted with 100-160 wings. This is especially convenient when doing screens, whereby a large number of wings can be rapidly scored with ease. (iv) Anesthetize the flies on a CO 2 pad (Fig. 6a) . (vi) Remove the wing from the fly body by using the tips of the fine forceps. Hold and snap off the wing at the wing hinge (Fig. 6b) . Avoid touching the wing blade with the forceps. (vii) Place the wing on the mounting stripe with the ventral side up. This is done to avoid trapping bubbles underneath the wing and to get consistent images across all wings.  crItIcal step Pay attention to the orientation of the fly before removing the wing from the body. It is much harder to tell which side is ventral and which side is dorsal once the wing is removed. Note that the detached wing is slightly curved upward when the ventral side is up (Fig. 6b) . (viii) Repeat Steps 13B(v-vii) to remove and to mount the other wing of the fly.
(ix) Place the two wings in a pair side by side, aligning the anterior wing margin of the two wings from the same fly parallel to each other (Fig. 6c) , thus allowing visualization in the same image with a single capture (Fig. 6d) .  crItIcal step Do not press the coverslip too hard and avoid pressing directly on top of any wing. The air bubbles are due to the hydrophobicity of the cuticle covering the fly wing. For scoring and quick imaging, it is fine to leave bubbles on the slide as long as they do not obscure the L1 vein or the wing root nerve bundle. (xiii) (Optional) In order to get rid of the bubbles for better images, wash the detached wings in an Eppendorf tube with WWB on a nutator at room temperature for 15-20 min. The detergent in WWB reduces the surface tension, allowing it to wet the wing more effectively. Briefly rinse the wings in 1× PBS and mount them on a microscope slide as described in Steps 13B(vii-xii). (xiv) Seal the sides of the coverslip with nail polish.
 crItIcal step Note that although the WWB contains 4% (wt/vol) formaldehyde, it does not penetrate the cuticle; rather, it gets into the veins from the open end of the detached wing. Fixation may not be thorough, and thus it is recommended to score or to image the mounted wings as soon as possible. We usually score and image the detached wings within 4 h after they are removed from the fly body.
? trouBlesHootInG  pause poInt The mounted wing slides (WWB-washed or not) can be stored at 4 °C for several hours before imaging.
In vivo imaging • tIMInG variable; typically no more than 3 h 14| Transfer the mounted agarose blocks or the slides to the confocal microscope or the fluorescence microscope.  crItIcal step Carry the agarose blocks in the humid chamber and keep them on ice during transportation.
15|
Turn on the power of the microscope, the computer, the mercury lamp, the laser and the scanner of the confocal microscope. 16| Open the LAS AF software, activate the control components and adjust the imaging system including the microscope, the lasers, the confocal scanner unit or the charge-coupled device (CCD) camera for the fluorescence microscope, and the filter settings (Fig. 3) .
17| Load an agarose block or a slide with mounted wings on the microscope stage holder.
18| Switch on the fluorescence light and use the ×10 dry lens to check the block or slide.
19| Select a wing that is mounted flat so that the wing nerve (along the wing margin and in the wing root) is accessible.  crItIcal step For live-imaging of the wings mounted on the agarose block, use only the ×40 water lens. For scoring and quick imaging of the wings mounted on a slide, all the objective lenses (×20 dry, ×40 water and ×63 oil) can be used. The imaging procedure is similar. Below, we use the ×40 water lens as an example to demonstrate the live-imaging procedure.
20|
Lower the stage and put a drop of water on the center of the region of interest.
21| Switch to the ×40 water lens; immerse the lens into the water droplet.
22|
Turn on the 'live' mode of the LAS AF software, check the intensity of each labeled FP marker, adjust the settings for power strength, gain, offset, exposure time and so on for each channel.
23|
Set the acquisition parameters such as repeat number for scanning, z-stack step depth, sequential imaging settings, time interval between each data-collection cycles, duration for the time-lapse recording, and so on.  crItIcal step Use lower laser power ( < 30% of the argon laser), lower scan number for acquisition and a longer interval for time-lapse to reduce photobleaching and phototoxicity.  crItIcal step As the agarose gel evaporates, the focal plate of the wing drifts. It is important to manually check the focus (e.g., every 15 min) and ensure that there is enough water immersing the lens.
24|
Repeat Steps 19-23 to continue imaging the other wings on the block or to switch to another block. We usually do not continuously image a single block for more than 3 h.  crItIcal step As the flies are immobilized on their backs, their legs can move freely once they wake up. In addition, the flies will try to get off the gel by twisting their bodies. This may make focusing difficult. Thus, it is important to keep the blocks that are not being actively imaged on ice.
? trouBlesHootInG 25| After imaging, release the flies from the block by pipetting water onto the agarose and gently brushing the fly legs to loosen the fly from the gel.
26|
Brush the flies into a clean, fresh, prewarmed fly food vial. Let them recover and maintain them as described in ? trouBlesHootInG Troubleshooting advice can be found in table 1. • tIMInG Steps 1-7, acute axotomy by a simple wing cut: 10-15 min Steps 8-11, recovery and maintenance of the injured flies: time varies depending on the desired time points for imaging, ranging from 0.5 h up to 60 d
Step 12, examination of the injured wings before mounting: 5 min
Step 13A, preparation for live imaging: 25-30 min per block
Step 13B, preparation for scoring and quick imaging: 20-30 s per fly Steps 14-26, live imaging: setup and adjusting the microscope and the imaging systems takes ~30 min. The time-lapse images can be obtained as long as the fly is alive. We usually do not image a single wing or a single block continuously for more than 3 h. Figure 7 , transection of the L1 nerve by the wing cut induces marked axonal fragmentation and degeneration (note the loss of axonal GFP in Fig. 7a ) and substantial glial response (see the increase of glial mCherry in Fig. 7b ). These responses are specific and autonomous to the injury, as the uninjured costal nerve, despite being adjacent to the L1 nerve, does not show an axonal or glial response (Fig. 7c) .
In combination with the powerful genetic tools of Drosophila, we anticipate that studies using the fly wing paradigm and in vivo imaging will not only uncover evolutionarily conserved core mechanisms that underlie axonal injury but also provide the foundation for identifying novel therapeutic targets for promoting neuroprotection and neural regeneration. In theory, this type of approach is applicable to other nerve systems in the fly in order to use the power of Drosophila tools to dissect the detailed molecular mechanisms that regulate this crucial biological process. At D7 after injury, axotomy of the L1 nerve causes a marked loss of the axonal GFP signal, indicative of injury-induced axon degeneration as shown in a; there is also a substantial increase in the glial mCherry intensity, suggesting an injury-induced glial response as shown in b. Note that in both the cut and the uncut wings, the costal nerve is not injured and its GFP and mCherry fluorescence remain largely unchanged, which suggests that the injury-induced axonal and glial responses are autonomous and specific to the nerve bundle that has been damaged. Scale bars, 75 µm. 
